Abstract: As a proportion of generation using renewable energy increases in a power system, the need for facility investment is increasing in not only the distribution system but also the transmission system. However, it is inefficient to invest in new equipment to deal with the short peak output of renewable energy generation. For this reason, this paper proposes a method for operating the grid more flexibly, through an optimal operating strategy of the direct current (DC) line at medium-voltage (MV) level, thereby delaying the facility investment in the transmission line. In order to determine the optimal operating point of the converter connected with a DC line, the swarm intelligence-based optimization technique, which can minimize multi-objective function, is used. In addition, in order to overcome the communication dependency of the centralized control, which needs to receive information about the optimal operating point computed by the system operator, this paper proposes a decentralized emergency control (DEC) method in case of a communication fault.
Introduction
With a recent global effort to reduce carbon emissions, the share of renewable energy in electricity generation relative to coal or nuclear power generation is steadily increasing [1] . Due to the typical characteristic of renewable energy generation (REG) such as unstable output power fluctuation and unpredictability due to climate change, a variety of problems can arise in a power transmission and distribution system in which REG is highly penetrated. These problems include voltage fluctuation [2] , load unbalancing [3] , and reverse power flow [4] . Among these problems, this paper focuses on the inefficient use of line capacity due to REG. In areas with favorable climatic conditions for REG, there is a high demand for businesses using renewable energy. In such areas, the amount of generation by REG could be temporarily higher than the load demand, leading to reverse power flow to other areas. This ultimately comes back to the system operator with the burden of expansion of new facilities like transmission lines and substations. However, since a typical REG has a low utilization rate for the generation amount [5, 6] , it is economically inefficient to add new facilities so as to meet the REG's temporary peak output power.
In order to overcome these inefficiencies, the application of a direct-current (DC) system at a medium voltage (MV) network has attracted attention. A medium voltage direct-current (MVDC) system refers to a DC system with a voltage level between high voltage direct-current (HVDC) and a low voltage direct-current (LVDC). With different purposes than HVDC, which is basically used for long-distance transmission, and LVDC, which is applied to microgrids, research on the use of MVDC is currently underway. The power flow through the alternating current (AC) line is passively determined by the line impedance, voltage magnitude and angle difference of buses. However, the power flow in the converter-based DC line can be manipulated by the operator. Therefore, research has been conducted to delay the grid expansion, increase the flexibility of the power system and operate the grid more efficiently by using the converter and DC link-based facility which is capable of power flow control [7] [8] [9] [10] [11] . In [7] , research has been conducted into delays in the expansion of new facilities by connecting each distribution feeder with an MVDC link as the back-to-back (BTB) type in urban areas where the installation of a new line and transformer is difficult due to high load density and a complicated network. In addition, the application of an MVDC link at the normally open point (NOP) for use as soft open point (SOP) can be used to reduce power losses in the distribution network and balance loads between feeders [8-10]. There has also been a study focused on maximizing the hosting capacity of REG in distribution networks by converting the conventional AC line into a DC line so as to use the advantage of a voltage source converter (VSC) that can quickly change the output power [11] .
The aforementioned studies have focused on improving the efficiency and flexibility of the radial distribution system using a controllable DC link. There is also research focused on the operation of the DC link that can contribute to the MV system or the transmission system which is meshed grid structure [12, 13] . By connecting a region where REG is highly penetrated to another region which has a load pattern similar to REG using MVDC, the system operator can use the MVDC link to minimize the loss of the system and improve the line capacity utilization in the networks by calculating the optimal operation point [12] . However, this research has disadvantages to the extent that the data of the substations interconnected with another grid are always needed. There is also a study that suggests the operation of VSC-HVDC to minimize the transmission line loading [13] , but this research focuses on using the VSC of high voltage and capacity level for improving the transmission system efficiency. Based on these studies, this paper focuses on the application of MVDC to increase the acceptability of REG in the transmission system and to delay the construction of new facilities by balancing the line capacity utilization in the networks. Balancing the line capacity utilization involves equalizing the current loading on each line in the network by forcing power flow from the line with high current loading to the line with low current loading. Also, the optimal operation process of the MVDC link which can minimize defined objective functions is proposed for more flexible and efficient gird operation. The objective functions representing the sum of line losses and line capacity utilization in the network are defined.
In order to determine the optimal operating point of the MVDC link that can minimize various objective functions, the swarm intelligence-based optimization technique is used [14] [15] [16] . Some studies have performed sensitivity analysis to determine the optimal dispatch of active and reactive power to minimize the objective functions desired by the grid operator [17] [18] [19] . However, this paper has focused on an optimization technique with an iterative process within given constraints to improve the accuracy in finding a global optimal point.
The day prior, an off-line study is carried out using the forecasted load and generation data. Through this off-line study, the optimal operating points of the MVDC link that minimize the objective function are determined every hour. While the MVDC link is operated by the optimal operating point as calculated a day prior, there are various ways in which the system operator can analyze the state of the network where the MVDC link is serving for the grid. The grid transformer (GT)-based control method presented in [12] is a method for measuring the amount of power flow in the grid-connected transformer and analyzing the difference between the total power generation and the load in the networks. This method is advantageous in that the structure of the communication system is simple. However, if the scale of the networks increases, it has a disadvantage in that it cannot detect the overload of the specific line in detail, because the GT-based control method only focuses on the difference between total amount of generation and load in networks. Therefore, this paper used a supervisory control and data acquisition (SCADA)-based control method to acquire data regarding the amount of generation and load, and the data of power flow in the networks observed by the system operator. In order to receive a command about the operating point of an MVDC link, a communication system is required between the system operator and the VSC station in the MVDC link. If a fault occurs in such a communication system and the VSC station no longer receives the information regarding the operating point sent by the system operator, the operating point of the MVDC link will remain constant over time. If the constant power is being transmitted by the DC line while neglecting the influence of the REG which fluctuates with time, output fluctuation of the REG can lead to overload on the transmission line or overvoltage. Therefore, it is particularly important to deal with communication failure when centralized control is performed in the network with a high penetration of REG [20, 21] .
To overcome dependence on the communication structure, there have been many studies on the decentralized control method in which VSC performs by itself for grid service without data communication at the central order [22, 23] . In [22] , a coordinated control scheme between VSCs to provide the most economical benefits to the AC/DC hybrid network has been proposed. There is also research that suggests an operation strategy of VSC by calculating the optimized voltage maintenance range at the connection point to minimize the total line losses when the VSC-based distributed generation (DG) is connected to the distribution network [23] . However, in all of these studies, the control is typically performed based on the voltage at the connection point because it is hard for VSC to detect the state of the entire grid in which it connected. In order to overcome this problem, this paper suggests a decentralized emergency control (DEC) method of the MVDC link as a measure against communication failure in VSC stations. Unlike other studies, this paper uses the difference of total power generation and load demand in the connected network with the MVDC link as an index to assess the state of the network. Based on the forecasted data of generation and load demand, the response curve, which is composed of the voltage angle of the connected bus and the amount of prior power reference in VSC station, is formulated to calculate the difference between the total power generation and the load demand in the network. Using this information, the VSC station by itself can calculate the operating point after the communication fault, reflecting the volatility of the REG.
The main contributions in this paper include: (1) suggesting an integrated operation strategy of an MVDC link that combines normal and emergency operation for the purpose that the MVDC link can contribute to the enhancement of operation efficiency in the transmission network, thereby delaying the construction of new facilities and allowing for further acceptance of REG. (2) Using a multi-objective optimization technique based on swarm intelligence to determine the optimal operating point of MVDC link for minimizing various objective functions with a new index which is used to equalize the line capacity utilization in networks. (3) Overcoming the communication dependency of the SCADA-based control method by proposing DEC method which reflects the volatility of the REG when a communication fault occurs in the VSC station of the MVDC link.
The rest of this paper is organized as follows: Section 2 describes the mathematical modeling of MVDC link and the objective functions for optimization. The basic principles of optimization technique are explained in Section 3. The proposed overall operation strategy of MVDC link is introduced in Section 4. In order to verify the effectiveness of the proposed method, case studies are conducted in Section 5 to compare the results after applying the method. Finally, the main conclusions of the paper are summarized in Section 6.
Mathematical Modeling
In order to determine the optimal operating point of the MVDC link, the power injection model of VSC is developed using the mathematical technique described herein. Then, the objective functions for assessing the effect of an MVDC link are formulated.
Medium Voltage Direct-Current (MVDC) Link Modeling
In this paper, mathematical modeling of MVDC link is conducted as a power injection model which consists of two VSCs as shown in Figure 1 . If the power loss caused by switching devices or dc capacitor is quite low as compared to the power output of VSC, it could be omitted [12] . Because the amount of active power output of the one VSC is equal to the absorbed active power of the other VSC, the relationship of active power from each VSC could be represented as (1) . and represent the amount of active power injected into the connected networks from each VSC.
Equation (2) refers to the maximum active and reactive power output of VSC that are limited by the kth converter's capacity, S . and is the active and reactive power output of kth VSC, respectively.
is the lower limit and are the upper limit of reactive power output by kth VSC. The reactive power output of each VSC is used to set the voltage magnitude at the point of common coupling (PCC) into a stable range. In this paper, the amount of reactive power reference of VSC is automatically determined so as to maintain the AC voltage magnitude of PCC as a set point (1 p.u)
Objective Function Modeling
The objective functions for optimal operation of the MVDC link ( ) can be varied according to the network operator's purpose. In this paper, three kinds of objective functions are defined. The controllable output of active power in the MVDC link ( ) is used as a decision variable for minimizing the objective function, which is shown in (4) .
The three objective functions defined as (5) in this paper are as follows: sum of line losses in the network, line capacity utilization ratio, and deviation of line utilization. The objective function to minimize line loss is formulated as (6) .
is the line current flowing at the ith line with resistance . The total number of lines in the network is represented as . Because the amount of active power output of the one VSC is equal to the absorbed active power of the other VSC, the relationship of active power from each VSC could be represented as (1) . P VSC 1 and P VSC 2 represent the amount of active power injected into the connected networks from each VSC.
(1)
Equation (2) refers to the maximum active and reactive power output of VSC that are limited by the kth converter's capacity, S VSC k . P VSC k and Q VSC k is the active and reactive power output of kth VSC, respectively.
Q min k is the lower limit and Q max k are the upper limit of reactive power output by kth VSC. The reactive power output of each VSC is used to set the voltage magnitude at the point of common coupling (PCC) into a stable range. In this paper, the amount of reactive power reference of VSC is automatically determined so as to maintain the AC voltage magnitude of PCC as a set point (1 p.u).
The objective functions for optimal operation of the MVDC link ( f obj ) can be varied according to the network operator's purpose. In this paper, three kinds of objective functions are defined. The controllable output of active power in the MVDC link (P re f ) is used as a decision variable for minimizing the objective function, which is shown in (4).
The three objective functions defined as (5) in this paper are as follows: sum of line losses in the network, line capacity utilization ratio, and deviation of line utilization. The objective function to minimize line loss is formulated as (6) . I i is the line current flowing at the ith line with resistance r i . The total number of lines in the network is represented as n l . Equation (7) is an index indicating the total line loading in the network. S i means the apparent power flow of the ith line which has the rated power capacity of S i,rate . Equation (8) means the degree of how uniformly the line utilization is distributed in the network. It represents the deviation of the line current loading in the network. The minimization of f LCU and f DEV means maintaining the utilization of each line balanced within the network to prevent the power flow from being overloaded to a specific line, which in turn improves the flexibility in the network.
Networks Constraints Modeling
There are two constraints used in the proposed optimization process: device constraint and network constraint. Device constraint means a limited power capacity of VSC devices, which is represented as Equations (2) and (3).
Network constraint includes a permitted range of voltage magnitude for stability of networks and a maximum capacity of transmission line. The network constraints are shown in Equations (9) and (10) . V min and V max represent the lower and upper bounds of kth bus voltage (V k ), respectively. S i,max is the maximum apparent power of the ith branch. n B means the total number of buses in the network.
Optimization Algorithm
In this paper, the optimization algorithm based on intelligence of swarm is used to calculate the optimal operating point of the MVDC link, which can minimize single or multiple objective functions as defined by network operator.
Particle Swarm Optimization (PSO) Algorithm
The particle swarm optimization (PSO) algorithm is an optimization technique using a swarm intelligence, inspired by social behavior of bird flocking [15] . With a population of randomly scattered candidate solutions called 'particles', the search is conducted by repeatedly moving particles in search space according to a mathematical formula about particle's position and velocity. While a particle is moving, the velocity of each particle is calculated to include three characteristics: Inertia, Cognitive, and Social parts. The Inertia part means the property of a particle that keeps the previous trajectory. The Cognitive part accounts for the tendency to return to the particle's own best positions that were the best positions of the particle itself among their previously iterative path. Lastly, the Social part stands for the particle's movement to the global optimum solution. x n (t) in Equations (11) and (12) means the nth particle's position at iteration step t. v n (t + 1) is the velocity of the particle, which is shown in (12) . n P is the total number of particles.
In (12) , the velocity of a particle consists of the sum of three terms. The first represents the Inertia part, the second is the Cognitive part, and the last term is the social part. p n (t) is the best positions of the particle itself among its previously iterative path, and g(t) is the global optimum positions (called 'leader') at iterative step t. w, c 1 and c 2 means the weight factors of the three characteristic parts in the velocity. r 1 and r 2 are real numbers randomly generated between 0 and 1 so that a particle can have stochastic natures in 'cognitive' and 'social' parts.
Multi-Objective Optimization Using PSO Algorithm
In the case of performing optimization for more than one objective function, it can be implemented by modifying the process of the existing PSO algorithm [16] . In the multi-objective optimization process, it is defined that solution x 1 'dominates' the other solution x 2 if the following two conditions are satisfied. This is shown in Equations (13) and (14) .
n obj means the number of defined objective functions. If solution x 1 dominates x 2 , x 1 is defined as the 'non-dominated' solution. After performing the optimization process for searching non-dominated solutions, a set of non-dominated solutions within the entire search area is called 'Pareto optimal front' (POF). POF means that an improvement of one objective function can reach some area that leads to deterioration of the other objective function [24] . The overall sequence of the PSO algorithm for the multi-objective optimization is as follows:
(1) A population of initial particles is randomly generated. Particles are composed of decision variables for optimization. (2) Objective functions are calculated using the information of initial particles. Then a set of particles which have non-dominated solutions is determined and the leader particle is selected. (3) The velocity of each particle is calculated by (12) , and the particles move along the calculated velocity. (4) To prevent particles from gathering in a local optimal point, arbitrary particles are selected and their positions are changed to generate mutations. (5) Objective functions are calculated and the evaluation process to determine the non-dominated solution is conducted including mutations and existing particles. (6) The information of the non-dominated particles is collected by repeating the movement of particles and generation of the mutation. (7) After the iteration, POF is constructed with non-dominated solutions and the operator selects a compromise solution from these.
Process for Operating MVDC Link
This paper divided the operation of the MVDC link into two stages: the off-line study stage and the on-line operation stage. In the off-line study stage, the system operator should perform two analyzes as shown in Figure 2 . The first is to calculate the optimal operating points of the next day through the PSO algorithm, and the second is the data build-up process that calculates the response curves for the emergency control to prepare for the communication failure. After the off-line study, the MVDC link at the on-line operation stage receives information about the operating points every hour, and continually checks whether the communication failure occurs.
Process of Determining Daily Optimal Operating Point
In the off-line study performed a day prior, based on the forecasted data regarding the amount of REG and load, the hourly optimal operating points of the MVDC link of the next day are determined for minimizing the objective functions through the PSO algorithm.
The flowchart in the blue frame in Figure 2 shows the process of the PSO algorithm for determining the optimal operating points of the MVDC link when there are two or more objective functions. In the on-line operation stage, the MVDC link receives the information for the optimal operating point (P re f ) every time from the centralized control center. Since the particles move only within the range satisfying the network constraint conditions shown in (9) and (10), when the calculated optimum operating point of the MVDC link is applied the problem such as line overload or overvoltage does not occur.
Proposed Decentralized Emergency Control Method
As shown in the yellow frame in Figure 2 , the MVDC link receives the information about the optimal operating point from the network operator every hour. If a fault occurs in the communication system during the on-line operation, it is impossible to obtain the information for the next time step. In order to overcome this problem, this paper proposes an algorithm that estimates the total amount of generation and load demand in the connected networks with the MVDC link by using information that can be directly received from the VSC station. Using the estimated total amount of generation and load demand, the MVDC link can determine the operating point by itself in the case of a communication failure.
As illustrated in Figure 2 with the red frame, the data build-up process is needed to derive a response curve for the relationship between the information that can be directly received at the VSC station and the indicator representing the network status. If it is assumed that REG in the network generates with a fixed power factor and the VSC of the MVDC link automatically determines the reactive power output for AC voltage control, the voltage magnitude and angle at each bus in the network are determined by the changeable active power sources. 
As shown in the yellow frame in Figure 2 , the MVDC link receives the information about the optimal operating point from the network operator every hour. If a fault occurs in the communication system during the on-line operation, it is impossible to obtain the P re f information for the next time step. In order to overcome this problem, this paper proposes an algorithm that estimates the total amount of generation and load demand in the connected networks with the MVDC link by using information that can be directly received from the VSC station. Using the estimated total amount of generation and load demand, the MVDC link can determine the operating point by itself in the case of a communication failure.
As illustrated in Figure 2 with the red frame, the data build-up process is needed to derive a response curve for the relationship between the information that can be directly received at the VSC station and the indicator representing the network status. If it is assumed that REG in the network generates with a fixed power factor and the VSC of the MVDC link automatically determines the reactive power output for AC voltage control, the voltage magnitude and angle at each bus in the network are determined by the changeable active power sources. The changeable active power sources mean the REG, load, and active power reference of MVDC link (P re f ). This is formulated as (15) and (16) .
P net−Area refers to the difference between total active power generation and load demand in a specific area, and V k ∠θ k is the magnitude of voltage and angle at kth bus in that area. n G and n L mean the total number of generators and loads in the area, respectively. P G(i) is the amount of active power generation from ith generator, and P L( j) represents the amount of active power consumption from jth load.
Since the variation of generation and load demand is reflected in P net−Area , the voltage magnitude and angle at any bus in the area can be expressed as (16) . f (a, b) denotes the result of power flow calculation which can be vary depending on a and b. At the PCC connected with the MVDC link, the voltage magnitude can be assumed to be constant through the AC voltage control of the VSC. Since the magnitude of the voltage at the PCC is 1.0 p.u, (16) can be expressed as (17) at PCC only.
Through this, the voltage angle at the PCC is only determined by the combination of P net−Area and P re f . After performing a number of simulations within the range of possible combinations of P net−Area and P re f , it is possible to derive a reverse relation like (18) for P net−Area .
If the data represented as (17) and (18) are built up through the off-line study, the information about P re f and θ PCC can be used to derive P net−Area . This means that using the measured θ PCC and P re f , the VSC station can calculate P net−Area by itself based on (18) . In this case, the optimal operating point through PSO algorithm cannot be calculated, because P net−Area only indicates the total difference of generation and load, which does not reflect detailed information about the respective amount of generation and load.
If a response curve for determining a new operation point using P net−Area as an input variable is calculated in advance by an off-line study, the VSC station can determine the new operating point (P re f _DEC ) as shown in (19) . In this paper, the relationship between the amount of power flow in the AC line at the MVDC link installation location and P net−Area is taken as the response curve.
Through the proposed emergency control method, it is possible to switch to DEC mode in the case of a communication error. Since the emergency operating point is not an optimized value by off-line study, it may have a lower effect on the grid in terms of network efficiency. However, in this paper, we focus on the advantage of decentralized control, which does not require information reception at the central control center. The entire process of allowing the VSC calculate P net−Area by itself can be summarized as follows:
(1) Calculate the possible combination of P net−Area using the power amount of each generator and load during a day. It is made by uniformly changing the load demand and power generation level from 0% to 100%, respectively. (2) A large number of scenarios are created by changing the P re f from −100% to 100% within the operating range for each P net−Area . (5) Using the recorded data, a large number of power flow calculation results are placed in the three-dimensional plot of the x-, y-, and z-axis, which means P re f , P net−Area , and θ PCC , respectively.
(6) Then using the curve fitting progress [25] , it is possible to form an approximated surface and derive a linearized response curve shown in Equation (17) . (7) Another response curve which is shown in Equation (18) is derived by re-organizing the existing response curve against P net−Area . (8) When operating as DEC mode, θ PCC observed by the VSC and P re f are substituted into the response curve to calculate the P net−Area . (9) Using the calculated P net−Area , VSC determines by itself a new operating point.
In this paper, the curve fitting progress was performed using the Curve Fitting Toolbox provided by MATLAB software program [25] .
Operation Strategy under Uncertainty
Through the proposed process, optimal operating points of the MVDC link are pre-calculated through an off-line study stage performed on the previous day using the forecasted load demand and generation data. However, since the predicted data may not correspond with the actually observed data at the On-line operation stage, the system operator should use the SCADA system to continually check whether the predicted value in the area matches the actual measured value.
If the measured amount of total load demand and generation in the area in which the MVDC link is connected are significantly different from the forecasted value, the existing operating point of the MVDC link is no longer the optimal operating point, which reduces the efficiency of the proposed method. In this case, the optimal operating point of the MVDC link should be newly calculated. However, since the proposed optimization method by using the PSO requires a large number of power flow calculations to be repeated, it is difficult to perform the optimization process in real time because of a long computing time.
As a solution for this, the optimal operating points of the MVDC link can be pre-calculated for all scenarios that can be generated by using possible combinations of the load demand and power generation amount. After calculating the optimal operating points of the MVDC link for all possible scenarios, these are constructed in lookup table form, in which the optimal operating points are represented as the matched values for different combination of total load demand and power generation in the area. Using this strategy, if there is a difference between the forecasted data and the measurement value during the On-line operation, the system operator can use the lookup table to select another optimal operating point of the MVDC link that matches to the measured total load demand and generation amount. This operating strategy allows the system operator to change the optimal operating point of the MVDC link flexibly in response to uncertainties in load demand and REG output.
Case Studies
In order to evaluate the proposed method, case studies were carried out using the real network data of the Korean power system. The simulations were conducted using PSS (r) E program (Power Transmission System Planning Software). Due to the national energy policy, which mandates more renewable energy resources, the amount of REG in the Korea power system in 2031 will be about 50 GW, which would account for 20% of the total power generation capacity in Korea [26, 27] . In this paper, the test network was determined as the 'Jeon-Nam' area in the Korea power system, because the planned REG in 2031 at this area is the largest in Korea because of its geographical and weather characteristic condition [27] . In the 'Jeon-Nam' area, two candidates for MVDC link installation were proposed as shown in Figure 3 . The first candidate for MVDC link installation was proposed as an alternative to a 70-154 kV substation and line which connects 'HamPung1' and 'UnNam1'. The purpose of this MVDC link is to increase the efficiency of the line capacity utilization in the network by forcing the power flow through the DC line that previously did not flow due to the high reactance of the transformer when the line between two substations was an AC line. The second candidate is located between 'Sinan' and 'UnNam1'. The purpose of this MVDC link is to minimize line loss and to overcome the overvoltage or overload problems that could arise when a large amount of REG is installed in the networks.
Also, in this paper, since the test network denoted by Area 1 and 2 in Figure 3 represents a specific part of the South Korea's national power transmission system, this test system is connected to a large and robust network that is another part of the national power transmission network. Therefore, in Figure 3 , it can be assumed that another robust large-scale power system is connected to the upper side of the 'SujunNam' bus in Area 1 and the lower side of the 'Hwawon' bus in Area 2, respectively. This means that the case studies in this paper assume that the difference in load demand and power generation of Area 1 and 2 is supplied from the other large-scale power systems each connected to 'SujunNam' and 'Hwawon' buses.
MVDC Application for Enhancing Line Utilization
In the Korean power system in 2031, new substations and transmission lines connecting 'UnNam' and 'HamPung' will be installed to accept additional REG. Despite the fact that the substation and line will be newly constructed with the purpose of accommodating additional REG, the high reactance of the transformer in the substation makes the efficiency of line capacity utilization low. In addition, since REG has high output variability over time, it is inefficient to install new facilities considering the peak generation amount of REG. In order to overcome this challenge in AC grid expansion, this paper suggests the application of MVDC link as an alternative to a substation and AC line as shown in Figure 4 . The first candidate for MVDC link installation was proposed as an alternative to a 70-154 kV substation and line which connects 'HamPung1' and 'UnNam1'. The purpose of this MVDC link is to increase the efficiency of the line capacity utilization in the network by forcing the power flow through the DC line that previously did not flow due to the high reactance of the transformer when the line between two substations was an AC line.
The second candidate is located between 'Sinan' and 'UnNam1'. The purpose of this MVDC link is to minimize line loss and to overcome the overvoltage or overload problems that could arise when a large amount of REG is installed in the networks.
In the Korean power system in 2031, new substations and transmission lines connecting 'UnNam' and 'HamPung' will be installed to accept additional REG. Despite the fact that the substation and line will be newly constructed with the purpose of accommodating additional REG, the high reactance of the transformer in the substation makes the efficiency of line capacity utilization low. In addition, since REG has high output variability over time, it is inefficient to install new facilities considering the peak generation amount of REG. In order to overcome this challenge in AC grid expansion, this paper suggests the application of MVDC link as an alternative to a substation and AC line as shown in Figure 4 . In order to conduct an off-line study, the one-day profiles of total load demand and generation in the Area 1 are used to perform an optimization process. The daily profiles are shown in Figure 5 . Table A2 in Appendix A shows the maximum amount of generation by REG and load demand assumed in this simulation. Since the main purpose of the MVDC link in this case is to balance the utilization of line capacity in Area 1, the objective functions are composed of line capacity utilization ( ) and deviation ( ) index. Using the forecasted daily data of the next day, the optimal operating point of the MVDC link is calculated every hour to minimize the multi-objective functions. The maximum capacity of the MVDC link is assumed to be 100 MVA. In order to conduct an off-line study, the one-day profiles of total load demand and generation in the Area 1 are used to perform an optimization process. The daily profiles are shown in Figure 5 . Table A2 in Appendix A shows the maximum amount of generation by REG and load demand assumed in this simulation. In order to conduct an off-line study, the one-day profiles of total load demand and generation in the Area 1 are used to perform an optimization process. The daily profiles are shown in Figure 5 . Table A2 in Appendix A shows the maximum amount of generation by REG and load demand assumed in this simulation. Since the main purpose of the MVDC link in this case is to balance the utilization of line capacity in Area 1, the objective functions are composed of line capacity utilization ( ) and deviation ( ) index. Using the forecasted daily data of the next day, the optimal operating point of the MVDC link is calculated every hour to minimize the multi-objective functions. The maximum capacity of the MVDC link is assumed to be 100 MVA. Since the main purpose of the MVDC link in this case is to balance the utilization of line capacity in Area 1, the objective functions are composed of line capacity utilization ( f LCU ) and deviation ( f DEV ) index. Using the forecasted daily data of the next day, the optimal operating point of the MVDC link is calculated every hour to minimize the multi-objective functions. The maximum capacity of the MVDC link is assumed to be 100 MVA. Figure 6 shows the trajectory of moving particles to minimize the two objective functions in the multi-objective PSO algorithm. Figure 7 shows the POF for two objective functions at a specific time (Hour = 13 h) in the process of determining the optimal operating point of the MVDC link in Area 1 over time. In order to conduct an off-line study, the one-day profiles of total load demand and generation in the Area 1 are used to perform an optimization process. The daily profiles are shown in Figure 5 . Table A2 in Appendix A shows the maximum amount of generation by REG and load demand assumed in this simulation. Since the main purpose of the MVDC link in this case is to balance the utilization of line capacity in Area 1, the objective functions are composed of line capacity utilization ( ) and deviation ( ) index. Using the forecasted daily data of the next day, the optimal operating point of the MVDC link is calculated every hour to minimize the multi-objective functions. The maximum capacity of the MVDC link is assumed to be 100 MVA. [28]. This method is widely used for determining compromise solution when there is no preference information between the two objective functions. The utopian point means the ideal point which consists of the minimum value of each objective function in the POF. The compromise solution ( ) is determined by the point with the shortest distance ( ( )) from the utopian point among the points ( ) on the POF Equations (20) and (21) .
, and , represent minimum value of objective functions on the POF, respectively. is the total number of particles on the POF. 
= min ( ), ∈ {1,2, ⋯ , } Figure 8 represents the result of calculating the hourly optimal operating points of MVDC link ( ) in Area 1, reflecting the load and power generation in Figure 5 . The operating points for each hour refer to compromise solutions to minimize both of the objective functions. The positive sign of means that the MVDC link should transfer active power from 'UnNam1' to 'HamPung1'. In order to determine a compromise solution, the Utopian point method is used in this paper [28] . This method is widely used for determining compromise solution when there is no preference information between the two objective functions. The utopian point means the ideal point which consists of the minimum value of each objective function in the POF. The compromise solution (x opt ) is determined by the point with the shortest distance (D(x k )) from the utopian point among the points (x k ) on the POF Equations (20) and (21) . f LCU,min and f DEV,min represent minimum value of objective functions on the POF, respectively. n opt is the total number of particles on the POF. Figure 8 represents the result of calculating the hourly optimal operating points of MVDC link (P opt ) in Area 1, reflecting the load and power generation in Figure 5 . The operating points for each hour refer to compromise solutions to minimize both of the objective functions. The positive sign of P opt means that the MVDC link should transfer active power from 'UnNam1' to 'HamPung1'. Figure 6 shows the trajectory of moving particles to minimize the two objective functions in the multi-objective PSO algorithm. Figure 7 shows the POF for two objective functions at a specific time (Hour = 13 h) in the process of determining the optimal operating point of the MVDC link in Area 1 over time.
In order to determine a compromise solution, the Utopian point method is used in this paper [28] . This method is widely used for determining compromise solution when there is no preference information between the two objective functions. The utopian point means the ideal point which consists of the minimum value of each objective function in the POF. The compromise solution ( ) is determined by the point with the shortest distance ( ( )) from the utopian point among the points ( ) on the POF Equations (20) and (21) . is the total number of particles on the POF. 
= min ( ), ∈ {1,2, ⋯ , } Figure 8 represents the result of calculating the hourly optimal operating points of MVDC link ( ) in Area 1, reflecting the load and power generation in Figure 5 . The operating points for each hour refer to compromise solutions to minimize both of the objective functions. The positive sign of means that the MVDC link should transfer active power from 'UnNam1' to 'HamPung1'. Figure 9 shows the effect on the deviation index ( f DEV ) and total line capacity utilization index ( f LCU ) when the MVDC link is applied. To verify the superiority of the proposed method, we compared the two objective functions when the MVDC link is operated in the different method [29] . In [29] , VSC is operated as the fixed active power output setpoint over time. The comparison between the fixed active power output of 80MW and the proposed optimal operation was performed. As shown in Figure 9 , by applying the MVDC link to Area 1, the two objective functions are reduced during the day. Especially, it is more effective to reduce the objective functions when operating with the proposed optimal operating method than when the MVDC link is operated with fixed output. The average value of f DEV per day is reduced by about 24%, and f LCU is reduced by about 42%. This means that by forcing power flow in the specific line through the MVDC link, it is possible to avoid the problem of power flow being driven to some specific line. Further, this allows the networks to have the flexibility to deal with fluctuation of REG and load demand.
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MVDC Application for Line Loss Minimization
The second candidate for the MVDC link is proposed as an alternative to the AC line connecting Area 2 and 1. The Area 2 is the terminal network with a high proportion of REG, and Area 1 is the mainland network as shown in Figure 11 . Figure 10 is about 83.9 MW in that time. We can see in Figure 10 that the utilization rate of each line in Area 1 is equalized. The information about the branch number in Figure 10 is provided by Table A1 in Appendix A.
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The second candidate for the MVDC link is proposed as an alternative to the AC line connecting Area 2 and 1. The Area 2 is the terminal network with a high proportion of REG, and Area 1 is the mainland network as shown in Figure 11 . The main purpose of the MVDC link as a second candidate is to enable efficient grid operation by minimizing the total line losses in a network with high penetration of REG. Therefore, the objective function for the optimization process is the sum of line loss ( ) in Area 2, defined as (6). The maximum capacity of MVDC link is assumed to be 80 MVA.
Based on the total load demand and generation data in Area 2 during the day, which is shown in Figure 12 , the optimal operating point of the MVDC link is determined hourly. The result is shown in Figure 13 . The positive sign of means that the MVDC link should transfer active power from 'Sinan' to 'UnNam1'. Figure 14 shows the total line losses in Area 2 when the MVDC link is operated with the proposed scheme. In the case of the second candidate for the MVDC link, the sum of line loss in Area 2 over a day is about 12.4 MWh, which is about 43% less than total line losses in the existing AC grid (21.7 MWh). In other words, it can reduce total line losses of about 9.3 MWh per day compared to the existing AC grid by using the optimal operation through the MVDC link.
In the same way as the comparison in the MVDC link candidate #1 case, we performed a comparison of the total line losses in operating the MVDC link as fixed active power setpoint of 60 MW [29] with the proposed optimal operation. When the MVDC link is operated at a fixed output of 60MW for one day, the total line losses are about 13.6 MWh, which are about 8.1 MWh higher per day than when the optimal operation is performed. The main purpose of the MVDC link as a second candidate is to enable efficient grid operation by minimizing the total line losses in a network with high penetration of REG. Therefore, the objective function for the optimization process is the sum of line loss ( f loss ) in Area 2, defined as (6) . The maximum capacity of MVDC link is assumed to be 80 MVA.
Based on the total load demand and generation data in Area 2 during the day, which is shown in Figure 12 , the optimal operating point of the MVDC link is determined hourly. The result is shown in Figure 13 . The positive sign of P opt means that the MVDC link should transfer active power from 'Sinan' to 'UnNam1'. The main purpose of the MVDC link as a second candidate is to enable efficient grid operation by minimizing the total line losses in a network with high penetration of REG. Therefore, the objective function for the optimization process is the sum of line loss ( ) in Area 2, defined as (6). The maximum capacity of MVDC link is assumed to be 80 MVA.
In the same way as the comparison in the MVDC link candidate #1 case, we performed a comparison of the total line losses in operating the MVDC link as fixed active power setpoint of 60 MW [29] with the proposed optimal operation. When the MVDC link is operated at a fixed output of 60MW for one day, the total line losses are about 13.6 MWh, which are about 8.1 MWh higher per day than when the optimal operation is performed. Figure 14 shows the total line losses in Area 2 when the MVDC link is operated with the proposed scheme. In the case of the second candidate for the MVDC link, the sum of line loss in Area 2 over a day is about 12.4 MWh, which is about 43% less than total line losses in the existing AC grid (21.7 MWh). In other words, it can reduce total line losses of about 9.3 MWh per day compared to the existing AC grid by using the optimal operation through the MVDC link.
In the same way as the comparison in the MVDC link candidate #1 case, we performed a comparison of the total line losses in operating the MVDC link as fixed active power setpoint of 60 MW [29] with the proposed optimal operation. When the MVDC link is operated at a fixed output of 60MW for one day, the total line losses are about 13.6 MWh, which are about 8.1 MWh higher per day than when the optimal operation is performed. By controlling the MVDC link to minimize the total line losses in some areas, the network operator can economically operate the network in preparation for various load demand and generation. The economic benefits from reduced total line losses can be approximated using system marginal price (SMP) of the Korean electricity market, which means electricity import prices. Average annual SMP in 2016 is about $70/MWh in Korea [27] . The results show that 9.3 MWh of daily loss can be reduced, while saving $651 per day for the system operator if the MVDC link is operated with the proposed loss minimization mode.
Also, by comparing with the fixed power control mode, it is verified that through the optimal operation of the MVDC link, objective function defined by the system operator can be minimized every time. Since the optimal operating point calculated by the proposed method is the global minimum point with the lowest objective functions value, the amount of active power setpoint in the fixed power method is not important when making a comparison with the proposed method. Rather, it is clear that if the MVDC link is operated at other operating point which is not the optimal point, it is difficult to lower the value of the objective function. This means that the efficiency of the grid service desired by the system operator is decreased. In other words, the optimized operation of the MVDC link can provide a grid service that is most suitable to the system operator's purpose over time, using proposed method.
When determining the optimal operating points for the MVDC link, the objective function can be set differentially depending on the purpose of the network operator. In order to secure flexibility in the network and to prevent the effect of fluctuation of REG by reducing the variation of the line utilization rate in the networks, it is possible to set the object functions as and . If the By controlling the MVDC link to minimize the total line losses in some areas, the network operator can economically operate the network in preparation for various load demand and generation. The economic benefits from reduced total line losses can be approximated using system marginal price (SMP) of the Korean electricity market, which means electricity import prices. Average annual SMP in 2016 is about $70/MWh in Korea [27] . The results show that 9.3 MWh of daily loss can be reduced, while saving $651 per day for the system operator if the MVDC link is operated with the proposed loss minimization mode.
When determining the optimal operating points for the MVDC link, the objective function can be set differentially depending on the purpose of the network operator. In order to secure flexibility in the network and to prevent the effect of fluctuation of REG by reducing the variation of the line utilization rate in the networks, it is possible to set the object functions as f LCU and f DEV . If the economically efficient network operation through line loss minimization is prioritized, the objective function can be set as total line losses ( f loss ). Because the output point of the MVDC link varies over time, there may be variations in the voltage magnitude of the buses in the area. Appendix B shows the voltage magnitude over time for all buses in the test system for each case study performed in this paper. Since the values of voltage limit are reflected as an inequality constraint in the optimization process, the voltage maintenance condition is not violated when the MVDC link is operated using the calculated operating points by the optimization process.
Decentralized Emergency Operation of MVDC Link
To validate the proposed DEC strategy, the control scheme is applied to the second candidate of the MVDC link and simulation studies are performed. Using the load and generation data for a day of Area 2, shown in Figure 12 , the possible range of total amount of difference between generation and load demand in Area 2 (P Net−Area2 ) is calculated. In order to improve the accuracy of the curve-fitting results, some margin was considered in the P Net−Area2 range and calculated to be from -100 MW to 40 MW.
Thereafter, a large number of power flow calculations are performed to record the voltage angle of PCC (θ PCC ) while changing the P re f from -100 MW to 100 MW step by step for every possible P Net−Area2 (from -100 MW to 40 MW). The data obtained as a result of power flow calculation (P re f , P net−Area2 , and θ PCC ) is placed on the three-dimensional plot of the x-, y-, and z-axis. Then, the Curve Fitting progress [25] is performed to form an approximated surface as shown in Figure 15 and derive a linearized function as (22) . α, β and γ in (22) economically efficient network operation through line loss minimization is prioritized, the objective function can be set as total line losses ( ). Because the output point of the MVDC link varies over time, there may be variations in the voltage magnitude of the buses in the area. Appendix B shows the voltage magnitude over time for all buses in the test system for each case study performed in this paper. Since the values of voltage limit are reflected as an inequality constraint in the optimization process, the voltage maintenance condition is not violated when the MVDC link is operated using the calculated operating points by the optimization process.
To validate the proposed DEC strategy, the control scheme is applied to the second candidate of the MVDC link and simulation studies are performed. Using the load and generation data for a day of Area 2, shown in Figure 12 , the possible range of total amount of difference between generation and load demand in Area 2 ( ) is calculated. In order to improve the accuracy of the curve-fitting results, some margin was considered in the range and calculated to be from -100 MW to 40 MW. Thereafter, a large number of power flow calculations are performed to record the voltage angle of PCC ( ) while changing the from -100 MW to 100 MW step by step for every possible (from -100 MW to 40 MW). The data obtained as a result of power flow calculation ( , , and ) is placed on the three-dimensional plot of the x-, y-, and z-axis. Then, the Curve Fitting progress [25] is performed to form an approximated surface as shown in Figure 15 and derive a linearized function as (22) . , and in (22) indicate the coefficients of each input variable calculated by using Curve Fitting progress.
Equation (22) can be expressed as (23) by changing the relation for . , and in Figure 15 . Response curve of θ PCC = f P net−Area2 , P re f .
Equation (22) can be expressed as (23) by changing the relation for P Net−Area2 . a, b and c in (23) are the coefficients of each variable. These can be calculated by rearranging (22) . Table 1 shows the value of coefficients in (22) and (23) derived from this data build-up process for Area 2. Observing the voltage angle of the bus and output power value of converter yields that the VSC station can calculate the total power generation and load difference in Area 2 by using the linearized response curve for P Net−Area2 shown in (23) . However, P Net−Area2 indicates the difference between the total power generation and load demand amount of the area, and this is insufficient to calculate the optimum operating point by using the PSO algorithm.
Thus, in this paper, when calculating the operating point based on P Net−Area2 , we use the AC transmission line emulation method, which imitates the power flow when the MVDC link is assumed to be an AC line, and determines it as a new operating point (P re f _DEC ). The AC transmission line emulation method has been proposed in [30] for the purpose of solving the overload at a specific transmission line by making the DC line behave like the existing AC line in the network. The response curve of the power flow in the AC line according to P Net−Area2 is shown in Figure 16 . Observing the voltage angle of the bus and output power value of converter yields that the VSC station can calculate the total power generation and load difference in Area 2 by using the linearized response curve for shown in (23) . However, indicates the difference between the total power generation and load demand amount of the area, and this is insufficient to calculate the optimum operating point by using the PSO algorithm. Thus, in this paper, when calculating the operating point based on , we use the AC transmission line emulation method, which imitates the power flow when the MVDC link is assumed to be an AC line, and determines it as a new operating point ( _ ). The AC transmission line emulation method has been proposed in [30] for the purpose of solving the Then, through linearization, the formula is derived as (24) . m and n are the coefficients calculated from the linearized response curve.
Using the response curves of Equations (22), (23) and (24), the VSC station can determine the emergency operating point by itself. Figure 17 shows the comparison of operating points of the MVDC link after the application of the proposed control method. The MVDC link was operated to minimize total line losses as in Figure 13 , and it is assumed that a communication failure occurred at Hour = 12 h. If the proposed emergency control is not applied, the operation point of VSC station cannot be changed after a communication failure. When the proposed method is applied, after detecting communication failure, the VSC station can change the operating mode and calculate a new operating point by itself in accordance with the state of the connected network. However, this method is not the most optimal operation point, because it is a temporary control method in on-line operation for considering only the total power generation amount and load demand of the connected grid. Therefore, further study into the algorithm that can calculate the most optimal operating point in real time by only using the information of calculated by VSC station through (23) is needed.
Conclusion
Through controlling the power flow using a DC line at the intermediate voltage level of the transmission and distribution network, it is possible to maximize the utilization of the transmission line and minimize total system line loss. In addition, it was verified in this paper that to reflect the variation of the REG with time, the optimal operating point of the MVDC link can be determined using a multi-objective optimization algorithm in which objective functions such as minimizing the system loss and leveling the line utilization are included. The main purpose of the system operator when operating the MVDC link to enhance the transmission line capacity utilization is to make the power grid more flexible and to reduce the expansion of new substations and lines, which are overloaded.
Thus, it is difficult to calculate the exact economic benefit for this. However, if the MVDC link is operated to minimize the total transmission line loss; then, the economical benefits using Korea SMP can be estimated. Comparing to the usage of the AC line, it is verified that the line loss of 9.3 MWh per day can be reduced so that it could achieve an economic benefit of about $651 per day.
If the VSC station connected to the DC line can detect the difference between the total power generation and the load amount of the network, the new operating point can be calculated reflecting the variation of REG without needing communication with the system operator. However, the strategy of calculating the optimal operating point for the purpose of operating by only using information regarding the difference between total generation and load requires further investigation in the future.
Author Contributions: The main idea was proposed by Changhee Han, Sungyoon Song, Juyong Kim and Gilsoo Jang. The operating strategy and optimization algorithm were proposed by Changhee Han and If the proposed emergency control is not applied, the operation point of VSC station cannot be changed after a communication failure. When the proposed method is applied, after detecting communication failure, the VSC station can change the operating mode and calculate a new operating point by itself in accordance with the state of the connected network. However, this method is not the most optimal operation point, because it is a temporary control method in on-line operation for considering only the total power generation amount and load demand of the connected grid. Therefore, further study into the algorithm that can calculate the most optimal operating point in real time by only using the information of P Net−Area calculated by VSC station through (23) is needed.
Conclusions
If the VSC station connected to the DC line can detect the difference between the total power generation and the load amount of the network, the new operating point can be calculated reflecting the variation of REG without needing communication with the system operator. However, the strategy of calculating the optimal operating point for the purpose of operating by only using information regarding the difference between total generation and load requires further investigation in the future. 
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Nomenclature n l , n B
Total number of branches and buses in network. n G , n L Total number of generators and loads in network. P VSC k , Q VSC k Active and reactive power injected into the network from kth VSC. Q min k , Q max k
Lower and upper limit of reactive power output of kth VSC.
S VSC k
Apparent power injected into the network from kth VSC.
P G(i)
Active power generated by ith generator.
P L(i)
Active power consumed by ith load.
P net−Area
Total amount of difference between generation and load demand in the area. P re f
Active power reference of MVDC link. P re f _DEC Active power reference of MVDC link with DEC.
P opt
Optimal operating point of MVDC link calculated by optimization process.
I i
Current magnitude of ith branch. r i
Resistance of ith branch.
S i
Apparent power flow of ith branch. S i,rate Rated apparent power of ith branch S i,max
Upper limit of apparent power of ith branch. V k , θ k
Voltage magnitude and angle of kth bus. V min , V max
Lower and upper limit of voltage magnitude of kth bus. n P Total number of particles. n obj Total number of objective functions. n opt Total number of particles on pareto optimal front. x k Position of kth particle on pareto optimal front. x opt Position of particle calculated as compromise solution. x n (t) Position of nth particle at iteration step t p n (t) Best positions of nth particle among its previously iterative path at iteration step t. g(t)
Global optimum position at iteration step t. v n (t) Velocity of nth particle at iteration step t. w, c 1 , c 2 Weight factors for each term in the particle's velocity equation. Table A2 shows the information about maximum power capacity of the REG and load demand of the test system, which is used in the case study. This information is based on real data from the Korean power system planning in 2031. Maximum capacity means the value that represents maximum power generation and maximum load demand in one day, respectively, as shown in Figure 5 and 12. It is assumed that the PV generator in Table A2 has a fixed power factor of 1.0 and the wind turbine has 0.95.
Appendix B
In the power transmission system of South Korea, the voltage magnitude maintenance standard for steady-state stability is shown in the Table A3 [31]. Since case studies in this paper were conducted in a 154 kV transmission network, the voltage maintenance range of ±10% of rated voltage was applied as an inequality constraint in optimization process to calculate the optimal operating points of the MVDC link. u Since case studies in this paper were conducted in a 154 kV transmission network, the voltage maintenance range of ±10% of rated voltage was applied as an inequality constraint in optimization process to calculate the optimal operating points of the MVDC link. Since case studies in this paper were conducted in a 154 kV transmission network, the voltage maintenance range of ±10% of rated voltage was applied as an inequality constraint in optimization process to calculate the optimal operating points of the MVDC link. Figures A1 and A2 show the voltage magnitude over time for all buses in the test system of each case study performed in this paper. Since two converters of the MVDC link perform the AC voltage control, the voltage magnitudes at the PCC of the converter is 1.0 p.u and the voltage magnitudes at the other buses are also within the maintenance range (from 0.90 to 1.10 p.u).
